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ABSTRACT
We explore the properties of lensing galaxies and lensed faint sources at redshifts be-
tween 1.5 and 3.0. Our sample consists of 9 carefully selected strongly-lensed galaxies
discovered by the CASSOWARY survey in the Sloan Digital Sky Survey (SDSS) data.
We find that, despite some limitations of the original SDSS data, the homogeneous
sample of lensing systems can provide a useful insight into lens and source properties.
We also explore the limitations of using low-resolution data to model and analyse
galaxy-galaxy lensing. We derive the relative alignment of mass and light in fitted lens
profiles. The range of magnification extends above 5, hence we are able to analyse po-
tentially small and low-mass galaxies at high redshifts. We confirm the likely evolution
of the size-luminosity relation for blue star-forming galaxies as a function of redshift.
Key words: Gravitational Lensing: Strong, Galaxies: Fundamental Parameters, Evo-
lution
1 INTRODUCTION
Gravitational lensing is a powerful tool; acting as a nat-
ural telescope it can potentially allow astronomical obser-
vations to reach smaller and fainter objects than would
otherwise be observable (Schneider, Ehlers & Falco 1992;
Schneider 2006). In addition to producing multiple im-
ages the source is significantly magnified; typically by
a factor of ∼10 (e.g. Newton et al. 2011). Strong lenses
have been used, for example, to investigate the den-
sity profile of lensing galaxies (e.g. Bolton et al. 2008;
Auger et al. 2010; Ruff et al. 2011), the evolution of galax-
ies (e.g. Newton et al. 2011; Bolton et al. 2012) and cosmo-
logical parameters (e.g. Suyu et al. 2012; Collett et al. 2012;
Suyu et al. 2013).
The redshift range z ∼ 1 − 3 is a crucial period in the
evolution of galaxies when today-observed galaxies formed
the majority of their stars. Studies have shown that star
formation generally occurred in galaxies with irregular and
multicomponent morphologies (e.g. Law et al. 2012). Mod-
ern models of galaxy evolution produce relations between
the fundamental physical properties of galaxies (i.e. size,
mass, luminosity). Our homogeneous sample with similar
photometric properties and redshifts allows us to explore
these relations for blue, star-forming, high-redshift galax-
ies. At the same time, we are able to explore the properties
⋆ E-mail: zkostrzewa@astrouw.edu.pl
of deflectors - early type galaxies at redshifts z ∼ 0.2 − 0.7
probing the relative alignment of mass and light in flattening
and orientation. In this paper we explore in detail lens and
source properties of lensing systems selected from the CAS-
SOWARY catalogue for which we obtained reliable models.
We also study and show the advantages and limitations of
the available imaging data.
This paper is organized as follows. In Section 2 we
introduce our CASSOWARY sample and present selection
method, then describe the lens modelling in Section 3. In
Section 4 we discuss results of the modelling and lens and
source properties. We discuss the results and conclude in
Section 5.
Throughout this paper we assume a flat Λ-Cold-
Dark-Matter (ΛCDM) cosmological model of the Universe
with parameters ΩΛ = 0.73, ΩM = 0.27 and H0 =
71km s−1Mpc−1, h = 0.71 as favoured by the seven year
Wilkinson Microwave Anisotropy Probe (WMAP) results
(Komatsu et al. 2011).
2 OBSERVATIONS & SYSTEM SELECTION
The Cambridge And Sloan Survey Of Wide ARcs in the skY
(CASSOWARY)1 discovered lenses by searching for multi-
1 http://www.ast.cam.ac.uk/ioa/research/cassowary/
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Table 1. The lensing systems selected from the CASSOWARY catalogue for this study. All redshifts zL and zS for foreground and
background galaxies respectively are taken from Stark et al. (2013) except CSWA 161 (for this system we use the photometric redshift
from the SDSS data base).
SDSS ID CSWA ID RA (deg) Dec (deg) zL zS
SDSS J1148+1930 1 177.1380745 19.50087261 0.444 2.379
SDSS J1206+5142 6 181.50871224 51.70820438 0.433 2.000
SDSS J0022+1431 21 5.67049154 14.51956525 0.380 2.730
SDSS J0145–0455 103 26.26788977 -4.93099739 0.633 1.958
SDSS J0143+1607 116 25.95886849 16.12749833 0.415 1.499
SDSS J2340+2947 161 355.11895889 29.79641554 0.497 –
SDSS J2158+0257 163 329.68199579 2.95839038 0.285 2.081
SDSS J0232–0323 164 38.20778268 -3.39056271 0.450 2.518
SDSS J0105+0144 165 16.33188373 1.7489944 0.361 2.127
ple blue companions (or arcs) separated by & 3 arcseconds
from luminous red galaxies (Belokurov et al. 2009). Typi-
cally the CASSOWARY lenses are early type galaxies or
groups of galaxies at z ∼ 0.2 − 0.7 and the CASSOWARY
sources are z ∼ 1 − 3 star-forming galaxies. The current
CASSOWARY catalogue includes more than 50 spectroscop-
ically confirmed strong lenses. Thanks to their large image
separations the systems are well resolved with SDSS imag-
ing (Aihara et al. 2011). The CASSOWARY lenses make an
ideal homogeneous sample of systems for studying the sta-
tistical properties of the source galaxies with original survey
data without follow-up.
The selection procedure consists of two parts. First, a
broad search for all massive ellipticals with at least one blue
companion was carried out. Secondly, a number of more tar-
geted searches for arcs of different sizes and brightnesses on
the initial catalogue of candidates was performed. To obtain
the initial sample, a variant of the photometric criteria was
used to identify luminous red galaxies in SDSS’s Galaxy ta-
ble. The sample only includes galaxies with g− r < 2.5 and
r − i < 1.5. The arcs are required to be bright (on average
brighter than 21.5 mag) and to have at least two components
of comparable magnitude.
Although wide-separation lenses are comparatively un-
explored, they are interesting for a number of reasons. First,
wide-separation lenses probe the high-mass end of the galaxy
mass function since the Einstein radius increases with lens
mass. Since the Einstein radius increases more rapidly with
mass than the half light radius of the galaxy, the Einstein ra-
dius of wide-separation lenses is typically a few effective radii
where the matter distribution is dominated by dark matter.
Secondly since the source is often highly magnified, the CAS-
SOWARY sample provides us with a sample of the brightest
observed high redshifts galaxies. Because of the high magni-
fication and the fact that the images form well outside the
effective radius of the lensing galaxy source properties, par-
ticularly observed source brightness, can be measured with
high accuracy.
From the CASSOWARY sample, we selected systems
that are characterized by large separations, one dominant
lensing galaxy and the absence of blending stars. In this
paper we made use of the SDSS data in four bands (griz) to
perform the modelling of the lens systems. In Table 1 we list
the 9 selected systems from the CASSOWARY catalogue.
3 MASS AND SURFACE BRIGHTNESS
MODELLING
We model the lens surface mass distribution as a sin-
gular isothermal ellipsoid (SIE; e.g. Kormann et al. 1994)
and include external shear. Several authors have shown
that the SIE model provides a good approximation of the
lens potential on galaxy scales (Treu & Koopmans 2004;
Rusin & Kochanek 2005; Koopmans et al. 2006). We use
the method described in Auger et al. (2011) and extend it
to fit multiple images—in multiple filters—simultaneously
(i.e. Auger et al. 2013). This extension significantly improves
the model constraints because CASSOWARY lenses are typ-
ically red whilst CASSOWARY sources tend to be blue.
The lens model has seven parameters (five for the SIE
and two for the external shear): the Einstein radius θE, the
elliptical axis ratio qM = b/a and position angle θM , and
the position of the lens (x, y); the value of shear γ and the
positional angle of the shear θγ . The light of the lens and
source galaxies were modelled with an elliptical Sérsic profile
with Sérsic index nL and nS free to vary between 0.5 and
8. We do not assume that the lens mass and lens light are
strongly correlated; we do not assume the mass and light are
concentric, nor that they have the same ellipticity. We chose
to model the source galaxy with a simply parametrized Sér-
sic profile because we are interested in average properties
of galaxies (luminosity, mass, size) as a function of redshift.
Moreover, because the SDSS imaging is not high resolution
the source images have typical sizes of only a few pixels,
thus there is not sufficient information to justify more com-
plicated models.
We use the imaging in four bands (SDSS griz) to model
the systems. The lens and source parameters are fixed be-
tween filters. While the lens and source colours are free. The
parameters of our model are listed in Table 2, along with
the prior probability distribution functions (PDF) assigned
to them and the range over which they are allowed to vary.
We convolve the models with a synthetic PSF and compute
the residuals between the convolved models and the data.
To find the best fitting models for each system we use
the same optimization method as in Auger et al. (2011).
We then estimate the uncertainties of our models using the
MCMC ensemble sampler emcee2. However, these uncer-
tainties are only meaningful under the assumption that the
2 http://dan.iel.fm/emcee/
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Table 2. Model parameters with assumed limits and prior. (Note: 1pix = 0.′′396).
Parameter Prior Limits
Lens mass profile xM , yM (pix) Uniform [-5;5]
θE (pix) Uniform [2;180]
qM Uniform [0.2;1.0]
θM (rad) Uniform [0;2pi]
γ Uniform [0.0;0.5]
θγ (rad) Uniform [−pi;pi]
Lens light profile x∗, y∗ (pix) Normal (µ = xM , σ = 3), (µ = yM , σ = 3)
R∗ (pix) Uniform [1;100]
q∗ Truncated Normal [0.0;1.0], µ = qM , σ = 0.15
θ∗ (rad) Truncated Normal [0;2pi], µ = θM , σ = 20
nL Uniform [0.5;8.0]
Source light profile xS , yS (pix) Uniform [xM − 20;xM + 20], [yM − 20;yM + 20]
RS (pix) Uniform [1;100]
qS Uniform [0.2;1.0]
θS (rad) Uniform [−pi;pi]
nS Uniform [0.5;8.0]
Offset xgr , ygr (pix) Uniform [-3;3]
xgi, ygi (pix)
xgz , ygz (pix)
Noise parameter Agriz Uniform [1;10]
model perfectly describes the underlying system; i.e. , the
model insists that the source light profile is Sérsic and the
lens is SIE. Real galaxies are more complicated so we up-
weight the full noise maps by a multiplicative constant (one
per filter), which we include as a non-linear parameter in our
MCMC sampling. Allowing the data to upweight the noise
lets the data inform us how over simplified the model is3.
From the emcee samples we report the median and 68 per
cent confidence interval of each parameter. We also use the
samples to compute photometric magnitudes for the galaxy
and source and the magnification of the source.
4 RESULTS
We make an attempt to model 9 CASSOWARY systems
with singular isothermal ellipsoid lens models fitted to the
SDSS data. Three of them were previously described in the
literature and we used them to estimate the goodness of
our fits: CSWA 1, 6, 21 (note that not all parameters are
available). After the comparison of already published and
re-modelled systems we also show 6 modelled systems, not
yet presented in the literature. For the whole sample of 9
systems we present lens and source properties. In these cases
the quality of the SDSS data did not allow us to model
the lens systems robustly. The rejected systems were those
where we could not robustly identify a counter image.
The fitted parameters, the lens and source photometry
(with 68 per cent confidence level range) and the noise pa-
rameters are listed in Tables 3, 4 and 5. The source redshift,
3 For example, if the model is very far from reality, the code
should upweight to noise to the point where the recovered poste-
riors are the same as the initial priors. If the model is sufficiently
close to reality the multiplicative constant will be close to 1.
necessary for source properties studies, was known for eight
of 9 systems from the selected sample. The models of the
9 systems analysed in this study are shown in Figures 1-2.
We plot the original data from the SDSS, the best fitting
model, the residuals and the associated source plane light
distribution. In Fig. 3 we present the 2D projection of the
likelihood in 29D-space of the fitted parameters (we only
show 13 of the most important parameters) for one of the
analysed systems (CSWA 21). We use colour-coding based
on σ confidence regions defined for each pixel on 2D plane
as
√
2 log(Lmax/L), where Lmax is the maximum value of
the likelihood on the plane and L is the value of the likeli-
hood in a given pixel. Diagonal panels show the likelihood
distributions of each of the parameters marginalized over all
other dimensions.
4.1 Notes on individual lens models in the most
interesting systems
A couple of lens systems from our sample were previously
modelled using imaging with higher resolution than SDSS.
This gives us an opportunity to test our models obtained
from lower quality data. We can claim that the re-modelling
of a few systems (CSWA 1, 6, 21) was carried out success-
fully. Here we present details on these re-modelled systems
for comparison with the previous models. The difference be-
tween our and literature values of the Einstein radius in
these systems is negligible, confirming the goodness of our
fits. We also describe in detail a few most interesting and
well modelled systems in our new sample.
CSWA 1
This system was discovered in the SDSS data release 5 by
Belokurov et al. (2007). This is an almost complete (∼ 300◦)
c© 2014 RAS, MNRAS 000, 1–11
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Figure 1. Results of the lens modelling analysis. For each row, a system is shown, from left to right with north up and east left, composed
the SDSS data in g, r, i bands (20′′×20′′), the best fit model prediction, the residuals in g-band ([data-model]/noise), and the associated
source plane light distribution (8′′ × 8′′, except CSWA 161 – 16′′ × 16′′ ). The critical curves are presented in the first three panels
whereas the caustics are shown in the last one.
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Table 3. Modelling parameters for 9 CSWA systems. (Note: The parameters θM , θγ , θ∗ and θS give major-axis position angles measured
east from north.)
mass lens source
CSWA ID θE [
′′] qM θM [deg] γ θγ [deg] R∗ [
′′] q∗ θ∗ [deg] nL RS [
′′] qS θS [deg] nS
CSWA 1 5.08+0.02−0.02 0.89
+0.03
−0.04 130
+8
−14 0.021
+0.012
−0.012 −14
+19
−13 6.62
+1.60
−1.58 0.90
+0.04
−0.03 133
+10
−10 7.17
+0.56
−0.79 0.81
+0.48
−0.33 0.82
+0.11
−0.14 −26
+35
−22 6.85
+0.85
−2.17
CSWA 6 3.86+0.06−0.04 0.68
+0.12
−0.14 103
+3
−3 0.037
+0.017
−0.019 152
+21
−26 3.98
+0.59
−0.50 0.83
+0.02
−0.03 106
+5
−5 3.87
+0.34
−0.34 0.21
+0.11
−0.07 0.57
+0.17
−0.08 −7
+5
−8 1.13
+0.25
−0.58
CSWA 21 3.52+0.06−0.06 0.48
+0.07
−0.04 12
+1
−1 0.017
+0.024
−0.013 23
+64
−15 10.38
+2.08
−2.47 0.71
+0.02
−0.03 12
+3
−3 7.27
+0.50
−0.72 0.19
+0.02
−0.03 0.52
+0.10
−0.11 82
+6
−7 1.12
+0.65
−0.34
CSWA 103 1.87+0.14−0.12 0.61
+0.20
−0.18 34
+14
−15 0.214
+0.063
−0.081 51
+9
−7 5.09
+3.50
−2.17 0.60
+0.07
−0.06 43
+5
−6 5.60
+1.52
−1.47 0.65
+0.16
−0.09 0.48
+0.11
−0.10 −159
+9
−11 1.18
+0.68
−0.40
CSWA 116 2.62+0.03−0.03 0.87
+0.08
−0.08 99
+22
−19 0.110
+0.031
−0.024 169
+6
−6 12.66
+4.81
−3.94 0.84
+0.06
−0.05 147
+9
−11 6.71
+0.81
−0.95 0.56
+0.30
−0.14 0.89
+0.08
−0.15 7
+53
−46 2.51
+1.36
−0.98
CSWA 161 (L1) 2.67+0.13−0.12 0.31
+0.05
−0.04 144
+2
−2 0.027
+0.020
−0.017 −5
+7
−7 5.44
+1.20
−0.92 0.53
+0.05
−0.05 143
+4
−3 7.34
+0.48
−0.63 0.19
+0.12
−0.07 0.40
+0.17
−0.12 60
+9
−10 6.33
+1.19
−1.37
CSWA 161 (L2) 3.31+0.27−0.26 0.81
+0.11
−0.12 133
+13
−14
CSWA 163 3.36+0.04−0.05 0.88
+0.08
−0.08 125
+23
−15 0.146
+0.018
−0.015 −96
+5
−5 20.12
+1.20
−1.39 0.89
+0.02
−0.02 91
+6
−6 7.86
+0.11
−0.18 0.17
+0.12
−0.06 0.65
+0.17
−0.21 −26
+27
−18 5.57
+1.72
−3.31
CSWA 164 3.68+0.02−0.02 0.88
+0.05
−0.09 164
+6
−5 0.019
+0.010
−0.008 −44
+13
−29 7.62
+2.40
−1.95 0.88
+0.05
−0.04 177
+10
−58 6.65
+0.77
−0.87 0.16
+0.07
−0.06 0.42
+0.08
−0.12 −44
+16
−8 0.90
+5.34
−0.34
CSWA 165 3.77+0.11−0.16 0.64
+0.11
−0.11 83
+13
−18 0.092
+0.068
−0.065 −63
+18
−11 5.04
+0.89
−0.77 0.74
+0.02
−0.02 113
+2
−3 5.15
+0.42
−0.41 0.80
+1.02
−0.24 0.68
+0.23
−0.26 37
+32
−33 2.19
+2.71
−1.06
Table 4. Lens and source photometry in griz bands, total magnification in lens systems and source stellar mass.
CSWA ID lens photometry (griz) source photometry (griz) magnification M∗[M⊙]
CSWA 1 20.16+0.14−0.12 18.29
+0.13
−0.12 17.51
+0.13
−0.12 17.05
+0.14
−0.12 23.25
+0.27
−0.30 23.07
+0.28
−0.30 23.06
+0.29
−0.30 22.72
+0.27
−0.29 21.11
+4.96
−4.35 10.687± 0.108
CSWA 6 19.91+0.08−0.09 18.21
+0.08
−0.09 17.51
+0.08
−0.08 17.10
+0.08
−0.08 23.27
+0.35
−0.44 22.91
+0.36
−0.45 22.73
+0.37
−0.46 22.48
+0.38
−0.50 17.54
+6.33
−5.84 10.830± 0.282
CSWA 21 19.44+0.14−0.10 17.75
+0.14
−0.10 17.06
+0.14
−0.10 16.61
+0.14
−0.10 22.87
+0.13
−0.10 22.47
+0.13
−0.10 22.28
+0.14
−0.10 22.31
+0.14
−0.10 12.49
+1.49
−1.00 10.790± 0.132
CSWA 103 21.67+0.37−0.36 19.81
+0.31
−0.29 18.65
+0.31
−0.29 18.03
+0.32
−0.29 22.68
+0.17
−0.23 22.35
+0.18
−0.23 22.40
+0.20
−0.25 23.18
+0.46
−0.39 5.83
+0.82
−0.80 10.661± 0.356
CSWA 116 20.04+0.22−0.21 18.20
+0.21
−0.18 17.42
+0.21
−0.18 16.96
+0.21
−0.18 22.63
+0.25
−0.27 22.46
+0.27
−0.27 22.18
+0.28
−0.28 22.07
+0.27
−0.27 10.28
+2.10
−1.79 10.263± 0.125
CSWA 161 21.32+0.13−0.11 19.20
+0.10
−0.10 18.22
+0.11
−0.10 17.75
+0.10
−0.10 23.11
+0.19
−0.20 23.02
+0.20
−0.21 22.80
+0.21
−0.19 22.66
+0.26
−0.23 6.98
+0.98
−0.90 —
CSWA 163 18.47+0.06−0.06 16.82
+0.05
−0.05 16.20
+0.05
−0.05 15.84
+0.05
−0.05 23.49
+0.24
−0.30 23.40
+0.25
−0.31 23.35
+0.26
−0.30 24.80
+0.39
−0.47 14.22
+2.62
−2.52 9.512 ± 0.294
CSWA 164 19.66+0.16−0.14 18.01
+0.16
−0.14 17.23
+0.16
−0.13 16.82
+0.16
−0.13 23.63
+0.32
−0.31 23.52
+0.32
−0.31 23.55
+0.33
−0.32 23.67
+0.34
−0.32 34.65
+11.16
−7.61 9.553 ± 0.195
CSWA 165 19.82+0.10−0.10 17.95
+0.10
−0.09 17.33
+0.10
−0.09 16.92
+0.10
−0.09 22.82
+0.34
−0.40 22.54
+0.36
−0.40 22.24
+0.39
−0.40 22.50
+0.46
−0.46 5.99
+1.71
−1.38 10.129± 0.296
Einstein ring 10 arcseconds in diameter. The deflecting
galaxy is at redshift 0.444 while the source is a star-forming
galaxy at redshift 2.379. Using the follow-up images from
the 2.5 m Isaac Newton Telescope a few lens models were
found with the most probable model - the power law with
a volume mass density ρ ∼ r−1.96±0.02 and an axis ratio of
∼ 0.8 (Dye et al. 2008). For the SIE model with external
shear the Einstein radius is θE = 5.
′′16 ± 0.′′06 and the axis
ratio qM = 0.81± 0.02
With our data quality there was no possibility to fit
a reliable lens model with free power-law index. Neverthe-
less, our axis ratio and ring diameter obtained from the SIE
model agree with the previous study (θE = 5.
′′08 ± 0.′′02
within the range of 1σ and qM = 0.89
+0.03
−0.04 within the range
of 2σ). The modelling of the lens light profile is satisfactory,
comparing to previous studies. We note that it is probably
not the best approximation to describe the source with a
single Sérsic profile, hence, comparing to the previous re-
sults, our magnification value is probably somewhat under-
estimated.
CSWA 6
The system comprises a bright arc and one counter-image at
redshift z = 2.00 (Lin et al. 2009). This star-forming galaxy
is strongly lensed by a foreground z = 0.422 luminous red
galaxy. This system was found in the SDSS DR5 and was
followed up with Subaru 8.2 m telescope and 3.5 m telescope
at Apache Point Observatory. A simple lens model for the
system, assuming a singular isothermal ellipsoid mass dis-
tribution, yields an Einstein radius of θE = 3.
′′82 ± 0.′′03.
Additional observations from Subaru telescope showed that
the central lensing galaxy is accompanied by two smaller
galaxies. The magnification is estimated at 27± 1.
Our modelling recovered the known parameters of this
lens only partially. The magnification is likely to be under-
estimated but we obtained the Einstein radius in agreement
within 1σ (θE = 3.
′′86+0.
′′
06
−0.′′04
). It seems that the new model
is more elliptical (qM = 0.68
+0.12
−0.14). We should note that
the probability histogram of parameter qM shows the possi-
bility of the existence of two different axis ratio values with
almost the same likelihood. The lens light profile parameters
are within the range of 3σ to values found in the previous
studies, probably due to the oversimplification of the fitted
mass profile. There was no possibility of modelling the pa-
rameters of neighbouring galaxies. The system consists of 4
lenses (Vegetti et al. 2010) which we could not distinguish
in our images.
CSWA 21
This lens system has been studied in detail by Allam et al.
(2007). The system contains a Lyman Break Galaxy (LBG)
at redshift z = 2.73 (confirmed by additional spectroscopic
observations) strongly lensed by a Luminous Red Galaxy
(z = 0.38). The arc was first identified in the SDSS DR4
and later observed by 3.5 m telescope at Apache Point Ob-
servatory.
Using only the SDSS data we obtained results in good
agreement with Allam et al. (2007). A simple SIE + external
shear model yields a good fit. Allam et al. (2007) estimated
the Einstein radius of θE = 3.
′′32 ± 0.′′16 and the axis ratio
of 0.47± 0.06. The magnification of the system is evaluated
at 12.3+15−3.6 . Our estimate for θE is in agreement within 2σ
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Table 5. Noise parameters Agriz with uncertainties.
CSWA ID Ag Ar Ai Az
CSWA 1 1.18 ± 0.02 1.21 ± 0.02 1.30 ± 0.03 1.22 ± 0.02
CSWA 6 1.25 ± 0.03 1.21 ± 0.02 1.35 ± 0.03 1.26 ± 0.02
CSWA 21 1.18 ± 0.02 1.22 ± 0.02 1.16 ± 0.02 1.21 ± 0.02
CSWA 103 1.18 ± 0.02 1.19 ± 0.02 1.12 ± 0.02 1.23 ± 0.02
CSWA 116 1.20 ± 0.02 1.27 ± 0.02 1.18 ± 0.02 1.19 ± 0.02
CSWA 161 1.18 ± 0.02 1.28 ± 0.02 1.32 ± 0.02 1.30 ± 0.02
CSWA 163 1.23 ± 0.02 1.46 ± 0.03 1.49 ± 0.03 1.26 ± 0.03
CSWA 164 1.26 ± 0.02 1.22 ± 0.02 1.28 ± 0.02 1.19 ± 0.03
CSWA 165 1.23 ± 0.02 1.18 ± 0.02 1.16 ± 0.02 1.23 ± 0.02
-8.0 0.0 8.0
[arcsec]
-8.0
-4.0
0.0
4.0
8.0
[a
r
c
s
e
c
]
CSWA 163
-8.0 0.0 8.0
[arcsec]
-8.0 0.0 8.0
[arcsec]
−3.0
−1.5
0.0
1.5
3.0
-2.0 0.0 2.0
[arcsec]
2.0
0.0
-2.0
-8.0 0.0 8.0
[arcsec]
-8.0
-4.0
0.0
4.0
8.0
[a
r
c
s
e
c
]
CSWA 164
-8.0 0.0 8.0
[arcsec]
-8.0 0.0 8.0
[arcsec]
−3.0
−1.5
0.0
1.5
3.0
-2.0 0.0 2.0
[arcsec]
2.0
0.0
-2.0
-8.0 0.0 8.0
-8.0
-4.0
0.0
4.0
8.0
[a
r
c
s
e
c
]
CSWA 165
-8.0 0.0 8.0 -8.0 0.0 8.0
−3.0
−1.5
0.0
1.5
3.0
-2.0 0.0 2.0
2.0
0.0
-2.0
Figure 2. Results of the lens modelling analysis (continued).
and the axis ratio fits even better (θE = 3.
′′52± 0.′′06, qM =
0.48+0.07−0.04). The magnification is also in a good agreement
within 1σ. The distribution of Sérsic indices for the lens
and the source, nL and nS, is not symmetric (see the Fig.
3) and in both light models tends to the assumed limit of
fitted parameter (nL → 8 and nS → 0, respectively). The
lens Sérsic index is noticeably degenerated with the effective
radius in the lens light profile. From Fig. 3, we also notice a
slight degeneracy between the ellipticity in the mass profile
and external shear. This is a common issue in strong lens
modelling.
CSWA 103
In this system we notice an extreme value of external shear
(γ = 0.214+0.063−0.081), although the mass profile perfectly fol-
lows the light profile. The closer look to the system environ-
ment shows the group of objects which can be responsible
for external shear. However, we assume the contribution of
those objects to the lensing is accurately taken into account
through the shear.
CSWA 161
The system contains four blue images with a central lens
galaxy (L1) at redshift z = 0.497 ± 0.029. The source red-
shift is unknown. After a first attempt to model this sys-
c© 2014 RAS, MNRAS 000, 1–11
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Figure 3. 2D projection of likelihood distributions of the 13 most important parameters of the model obtained from the MCMC sampling
for CSWA 21 lensing system. Diagonal panels show likelihood distributions of each parameter marginalized over all other dimensions.
We use colour-coding based on σ confidence regions defined for each pixel on 2D plane as
√
2 log(Lmax/L), where Lmax is the maximum
value of the likelihood on the plane and L is the value of the likelihood in a given pixel.
tem with one SIE lens we obtained a strongly flattened lens
and high value of shear. The position angles of lens and
shear pointed towards another galaxy at photometric red-
shift near to the main lens redshift. We therefore considered
the two lens system with the second lens (L2) situated at
(α, δ) = (355.◦11727798, 29.◦79863137) at a distance of about
9 arcsec from the main lens. The photometric redshift of
the second lens, z = 0.502 ± 0.034, allows us to use a sin-
gle lens plane. The mass model of the second lens galaxy is
also assumed as SIE. In the binary lens model the axis ratio
for the main lens increased, but the shear contribution de-
creased significantly, indicating minimal influence from the
further galaxies. We obtain two-lens-model with close Ein-
stein radii (2.′′67+0.
′′
13
−0.′′12
for the primary lens and 3.′′31+0.
′′
27
−0.′′26
for the second lens). For the primary lens the mass profile is
not tied to the light distribution (comparing qM = 0.31
+0.05
−0.04
and q∗ = 0.53
+0.05
−0.05) what should not be unexpected in the
binary lens systems.
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Figure 4. Characteristics of the CSWA lenses. The plot presents
the distribution of lens mass axis ratios for our lenses (filled his-
togram) and for the SGAS sample (solid line) and SLACS (dashed
line). The CSWA sample shows similar axis ratios than the SGAS
and SLACS lenses.
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Figure 5. Characteristics of the CSWA lenses. The correlation
between lens axis ratio of the mass and of the light distribu-
tion. The light distribution generally follows the mass distribu-
tion in the CASSOWARY sample. For the vast majority of sys-
tems the lens mass ellipticity is slightly larger than the light
ellipticity. For our CASSOWARY sample we found 〈qM/q∗〉 =
0.89 ± 0.15 which is consistent with Koopmans et al. (2006) and
Gavazzi et al. (2012).
4.2 Lens properties
Figure 4 shows the normalized histogram of SIE axis ratios
with comparison to the Sloan Giant Arcs Survey (SGAS)
sample presented in Oguri et al. (2012) and the Sloan Lens
ACS (SLACS) sample from Bolton et al. (2008). Our sample
shows similar axis ratios to both samples used to compare.
Figure 5 compares the ellipticity of the mass model to
that of the stellar component of the lens. For the vast major-
ity of systems the lens mass ellipticity is slightly larger than
the light ellipticity distribution. Previous studies showed
that the relation between light and mass ellipticity should
be linear. Koopmans et al. (2006) showed for the SLACS
sample that 〈qM/q∗〉 = 0.99 ± 0.11, however Gavazzi et al.
(2012) presented for the SL2S sample significant more dis-
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Figure 6. The angular offset between the major axis of the lens
mass distribution and that of the light as a function of axis ratio
of the mass distribution.
persion 〈qM/q∗〉 = 0.95 ± 0.48. Nevertheless, for the CAS-
SOWARY sample we found 〈qM/q∗〉 = 0.89 ± 0.15 that is
not significantly different from the earlier results. We also
find that the position angles of the mass and light are well
aligned (Fig. 6).
The assumption of isothermality may introduce major
systematic shifts in lens parameters. Hence, we checked the
correlation between the Einstein radius, the axis ratio, the
external shear and the power-law index by re-modelling the
systems with power-law profiles. We use a few fixed values of
the power-law index, as the quality of the SDSS data does
not enable us to model the full free power-law profile. In
Table A1 in the Appendix we present the profile parame-
ters obtained for several power-law indices. We find a strong
degeneracy between the power-law index and the lens mass
axis ratio only in profiles of systems: CSWA 6 and 21. Hence,
in these system the power-law profile should be used to ob-
tain the most proper model. In other systems we observe
a degeneracy of the power-law index with the value of the
external shear.
In most cases we notice the degeneracy between Sérsic
index and effective radius which was expected and consid-
ered by e.g. Gavazzi et al. (2012). The Sérsic profile is spec-
ified by two parameters: index and effective radius and we
obtained these parameters strongly correlated in almost all
fitted profiles (see Fig. 3).
4.3 Source properties
Our source sample is a set of galaxies at redshifts between
1.5 and 3.0 (Table 1). Finally, we explore the size-stellar
mass plane (Fig. 7) and size-luminosity plane (Fig. 9). The
stellar masses (M∗) have been computed using the spectral
energy distributions (SED) converted to a Chabrier IMF
normalization and we find that they span a range of stel-
lar masses typical of star-forming galaxies at these redshifts
(Law et al. 2012). We also plot a size-mass relation for low
redshift galaxies obtained by Shen et al. (2003). It is clearly
not possible to obtain a reliable parametrized stellar mass-
radius relation due to the very low sample size and large un-
certainties in the mass profiles. The uncertainties in source
c© 2014 RAS, MNRAS 000, 1–11
The CASSOWARY lensing systems 9
 1
 10
9.0 9.5 10.0 10.5 11.0 11.5
R
S 
[k
pc
]
log(M∗/M⊙)
LTG (SDSS z=0.1)
Figure 7. Size-mass relation for 8 CSWA lensed source galaxies
with known redshifts (large squares with error bars). For com-
parison we present the size-mass relation for late-type galaxies
(LTG) in local Universe from Shen et al. (2003) based on the
SDSS galaxy sample. The stellar masses were computed using
the spectral energy distributions (SED) converted to a Chabrier
IMF normalization. The obtained masses and radii are consistent
with the SDSS relation.
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Figure 8. Size-luminosity plane for 8 CSWA lensed source galax-
ies with known redshifts (large squares with error bars). For com-
parison we present the size-luminosity plane for galaxies in the
HUDF catalogue (small crosses). We notice that our CSWA sam-
ple represents brighter galaxies than the HUDF sample.
masses are caused by using low resolution data and indirect
fitting of source light profile. However, we can confirm that
the extended sample from low resolution data will be useful
in similar studies.
For comparison we use the Hubble Ultra Deep Field
(HUDF) catalogue with high-redshift galaxies between z ∼
1.5 and 3.0 (Coe et al. 2006). From size-luminosity plane
(Fig. 8) we can conclude that our CSWA sample com-
plements the HUDF catalogue at redshifts 1.5-3.0 with
brighter galaxies with luminosities between -22.0 and -24.5
mag (in the V band). We investigate the evolution of the
size-luminosity relation in a function of redshift based on
the SLACS and CSWA source galaxies and the SDSS lo-
cal galaxies. The SLACS sample represents galaxies at red-
shifts range [0.4,1.2] with multiple nebular emission lines
(Bolton et al. 2006). We assumed the size-luminosity rela-
tion for local galaxies from Bandara et al. (2013): log(RS) =
−0.188V − 2.95. For a combined sample of SLACS and
CSWA source galaxies we fit this relation for different red-
shifts and find:
log(RS) = −0.188V − 2.95 + (z − 0.1)(−0.556 ± 0.041).
In the top panel of Figure 9 we present the size-luminosity
plane with the SLACS and CSWA source samples. We also
plot the size-luminosity relation for various redshifts, in-
cluding z ∼ 0.1 representing local galaxies. In the bottom
panel we plot residuals between the observed effective radius
of source galaxies and the predicted radius from the size-
luminosity relation. We are not able to decide whether the
pure-size evolution or pure-luminosity evolution plays a key
role in the observed evolution. Although we can assume that
the CSWA sources are the progenitors of the SLACS sources
as similarly the SLACS sources are matched to the local
SDSS galaxies population. Hence, we likely observe the pas-
sive evolution of disc galaxies and the decline of star forma-
tion rate. We caution the reader as the observational bias is
probably one of the most important restriction here; we can-
not exclude the influence of selection bias in the SDSS data
search for lens systems. The observed sources in the CSWA
sample are brighter and larger (for example compared to the
HUDF sample in the same redshift range) maybe only due
to the SDSS thresholds.
5 CONCLUSIONS
In this paper we have presented gravitational lens models
of 9 galaxy-scale lenses identified in the CASSOWARY cat-
alogue. For our modelling we only used the original multi-
band SDSS data, hence we are able to explore the homo-
geneous sample of galaxy-galaxy lensing systems. We used
the Sérsic profile to constrain the surface brightness model
of the lenses and sources and the SIE profile to obtain the
lens mass model. For each system we derived the Einstein
radius, axis ratio, and positional angle of the mass distribu-
tion. We also obtained surface brightness parameters (effec-
tive radius, axis ratio, positional angle, and Sérsic index) for
both lens and source light distributions.
The homogeneous sample allowed us to investigate the
properties of the lenses and sources. We found that in the
vast majority of our systems the lens mass follows the lens
light and the alignment between the lens mass and lens light
axis ratios is good. However, in a few cases the assumed
isothermality for the mass profile may be insufficient. In
systems CSWA 6 and 21 we noticed a strong degeneracy
between the power-law index and the lens axis ratio.
By exploiting the gravitational lensing effect we were
able to determine sizes, stellar masses, and luminosities of a
sample of faint galaxies. The studied redshift range is cru-
cial for understanding of galaxy evolution processes. Hence,
we have been interested in exploring mass to radius and
luminosity to radius relationships. We obtained robust re-
sults which are encouraging for further use of low-resolution
data. However, we were not able to determine the galaxy
type from Sérsic profile indices due to large uncertainties.
Our sample probably contains mostly irregular galaxies and
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Figure 9. Top panel: Size-luminosity relation for 8 CSWA lensed
source galaxies with known redshifts (large squares with error
bars). For comparison we present the size-luminosity relation for
galaxies in the SLACS sample (small crosses). We notice that
our CSWA sample represents brighter galaxies than the SLACS
sample. We also plot the size-luminosity relation for different red-
shift (lines from left to right for redshift: 0.1, 0.4, 1.2, 1.5, and
3.0). Bottom panel: Residuals between observed effective radius
of source galaxies and predicted radius from the size-luminosity
evolution relation. We notice that in a few source galaxies the
effective radius is greater than expected from the size-luminosity
evolution.
this is the reason that the Sérsic indices are not reason-
able in half of the studied cases. The source could have a
more complicated structure which cannot be described well
by a single model. For instance, Law et al. (2012) showed
that star-forming galaxy profiles at redshifts range 1.5-3.0
should be possible to model simultaneously with at least
few Sérsic profiles. On the other hand, we notice that the
CSWA sample complements the high-redshift HUDF cata-
logue with bright galaxies and also the CSWA sample ex-
tends the SLACS sample for higher redshift lensed galax-
ies. We presented evolution of the size-luminosity relation
for star-forming galaxies as a function of redshift. The rela-
tion was fitted using both samples - the CSWA and SLACS
galaxies. We assume that the CSWA sources are the progen-
itors of the SLACS sources, whereas the SLACS source are
progenitors of the local SDSS galaxies.
In general, our results showed that we are still able to
recover lens and source parameters even when using only
the low-resolution images from the SDSS survey. However,
we caution the reader as to necessity of careful selection of
modelled systems with the presence of the counter image
being the most important criterion.
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Table A1. Power-law tests
CSWA id power-law index θE [
′′] qM θM [deg] γ θγ [deg]
CSWA 1
0.8 5.07+0.02−0.02 0.89
+0.02
−0.03 131
+7
−12 0.016
+0.014
−0.010 3
+22
−16
0.9 5.07+0.02−0.02 0.89
+0.03
−0.03 131
+8
−9 0.017
+0.012
−0.012 −8
+26
−17
0.95 5.08+0.02−0.02 0.89
+0.03
−0.03 131
+8
−13 0.019
+0.013
−0.012 −11
+22
−16
(1.0) 5.08+0.02−0.02 0.89
+0.03
−0.04 130
+8
−14 0.021
+0.012
−0.012 −14
+19
−13
1.05 5.07+0.02−0.02 0.89
+0.04
−0.04 127
+10
−15 0.026
+0.012
−0.014 −17
+15
−12
1.1 5.07+0.03−0.02 0.90
+0.04
−0.05 126
+11
−12 0.028
+0.011
−0.013 −20
+13
−12
1.2 5.07+0.02−0.02 0.91
+0.05
−0.07 125
+14
−16 0.033
+0.011
−0.013 −26
+14
−10
CSWA 6
0.8 3.83+0.04−0.02 0.84
+0.04
−0.04 102
+4
−7 0.022
+0.012
−0.012 135
+18
−12
0.9 3.84+0.04−0.03 0.78
+0.06
−0.06 103
+4
−6 0.024
+0.016
−0.015 140
+23
−13
0.95 3.85+0.04−0.04 0.75
+0.08
−0.11 103
+4
−4 0.029
+0.016
−0.015 138
+31
−16
(1.0) 3.86+0.06−0.04 0.68
+0.12
−0.14 103
+3
−3 0.037
+0.017
−0.019 152
+21
−26
1.05 3.89+0.05−0.05 0.54
+0.16
−0.06 103
+2
−3 0.045
+0.019
−0.018 166
+10
−29
1.1 3.90+0.06−0.05 0.49
+0.12
−0.09 103
+2
−2 0.052
+0.028
−0.023 171
+7
−26
1.2 4.00+0.08−0.09 0.31
+0.08
−0.05 104
+1
−2 0.082
+0.025
−0.027 175
+4
−8
CSWA 21
0.8 3.56+0.05−0.05 0.59
+0.02
−0.03 12
+1
−2 0.007
+0.016
−0.006 73
+42
−60
0.9 3.54+0.05−0.05 0.53
+0.03
−0.02 13
+1
−1 0.008
+0.012
−0.006 39
+75
−46
0.95 3.52+0.06
−0.06 0.51
+0.07
−0.04 12
+1
−3
0.016+0.033
−0.012 27
+61
−20
(1.0) 3.52+0.06
−0.06 0.48
+0.07
−0.04 12
+1
−1
0.017+0.024
−0.013 23
+64
−15
1.05 3.46+0.10
−0.06 0.54
+0.09
−0.12 12
+1
−1
0.057+0.027
−0.047 15
+39
−6
1.1 3.38+0.13
−0.05 0.68
+0.10
−0.23 12
+2
−4
0.107+0.024
−0.063 15
+11
−3
1.2 3.34+0.06
−0.05 0.76
+0.10
−0.16 11
+3
−5
0.149+0.021
−0.034 14
+3
−2
CSWA103
0.9 1.91+0.17
−0.13 0.57
+0.20
−0.17 37
+12
−13
0.166+0.069
−0.090 54
+18
−9
(1.0) 1.87+0.14
−0.12 0.61
+0.20
−0.18 34
+14
−15
0.214+0.063
−0.081 51
+9
−7
1.1 1.84+0.13
−0.12 0.68
+0.20
−0.21 32
+18
−17
0.262+0.057
−0.077 50
+7
−5
CSWA 116
0.9 2.62+0.03
−0.03 0.90
+0.07
−0.07 103
+37
−17
0.094+0.030
−0.021 169
+6
−7
(1.0) 2.62+0.03
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APPENDIX A: POWER-LAW
Here we presented the results of re-modelling systems with
power-law profiles. We test the models using only a few fixed
values of power-law index from range [0.8, 1.2]. In Table A1
we show for each system from the CASSOWARY sample
used power-law index and obtained: the Einstein radius θE,
the axis ratio qM and the position angle θM in the lens mass
profile, the value of external shear γ and the position angle
of shear θγ .
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